[1] The climate response to a massive release of methane from gas hydrates is simulated in two 2500-year-long numerical experiments performed with a three-dimensional, global coupled atmosphere-sea ice-ocean model of intermediate complexity. Two different equilibrium states were used as reference climates; the first state with preindustrial forcing conditions and the second state with a four times higher atmospheric CO 2 concentration. These climates were perturbed by prescribing a methane emission scenario equivalent to that computed for the Paleocene/Eocene thermal maximum (PETM; $55.5 Ma), involving a sudden release of 1500 Gt of carbon into the atmosphere in 1000 years. In both cases, this produced rapid atmospheric warming (up to 10°C at high latitudes) and a reorganization of the global overturning ocean circulation. In the ocean, maximum warming (2-4°C) occurred at intermediate depths where methane hydrates are stored in the upper slope sediments, suggesting that further hydrate instability could result from the prescribed scenario.
Introduction
[2] Catastrophic releases of methane gas from hydrates (clathrates) have been mentioned to be responsible for rapid climate changes in the past [e.g., Dickens et al., 1995; Kennett et al., 2002] . In the present climate, methane hydrates are stored along continental margins (i.e., at intermediate water depths, from 250 m to several thousand meters water depth), where they are stabilized by in situ water pressure and temperature fields. Methane hydrates may become unstable under influence of ocean warming or slope instability [Buffet, 2000; Dickens, 2001] . The estimated present-day reservoir of carbon stored in methane hydrates is about 10,000 Gt [Kvenvolden, 1988; Buffet, 2000] , which is a substantial amount compared to 38,000 Gt carbon stored in the oceans, 2000 Gt in soils and plants, and 730 Gt in the atmosphere [Prentice et al., 2001] . This implies that instability of these hydrates and the subsequent release of methane gas into the atmosphere could potentially cause strong climatic warming through an enhancement of the greenhouse effect.
[3] The Paleocene/Eocene thermal maximum (PETM, $55.5 Ma) is a well-known example of a transient period with drastic climate change possibly due to massive releases of methane from hydrates [e.g., Dickens et al., 1995 Dickens et al., , 1997 . In ocean cores from several locations (e.g., Caribbean, North Atlantic, subtropical South Atlantic, Weddell Sea, tropical Pacific), a À2.5 to À3% d 13 C excursion has been found in biogenic carbonate and organic matter, which is most likely caused by a release of 1500 -2000 Gt of methane carbon within a few thousand years [Dickens et al., 1995; Bralower et al., 1997; Bains et al., 1999; Thomas et al., 1999 Thomas et al., , 2002 . This massive methane release had a profound effect on climate. Measurements of the oxygen isotope composition and Mg/Ca ratio of planktonic foraminifera indicate that oceanic surface temperatures increased abruptly by 1 to up to 8°C (depending on the location) coincident with the d 13 C excursion [e.g., Thomas et al., 2002; Zachos et al., 2003] . This is consistent with important amounts of carbon reaching the atmosphere and causing global warming through an enhanced greenhouse effect [Dickens, 2000; Thomas et al., 2002] . The large amounts of methane carbon released also influenced the carbon chemistry of the ocean. The PETM interval sediments in all ocean cores show pronounced dissolution of carbonate.
[4] It has also been suggested that large temperature swings during the last glacial have been caused by abrupt releases of methane hydrates [e.g., Nisbet, 1990; Kennett et al., 2000 Kennett et al., , 2002 Hinrichs et al., 2003] . In this case, the methane releases could have been caused by sea level changes, triggering continental slope instability [Rothwell PALEOCEANOGRAPHY, VOL. 19, PA2010, doi:10.1029 /2003PA000968, 2004 Copyright 2004 by the American Geophysical Union. 0883-8305/04/2003PA000968 Nisbet and Piper, 1998 ]. There is, however, still debate on the question to what extent glacial atmospheric methane variations originate from the decomposition of hydrates [e.g., Brooks et al., 2000; Dickens, 2003] . Despite these uncertainties, there is some concern that the expected future global warming may lead to hydrate instability and thus to an enhanced emission of methane, imposing a strong positive feedback that would amplify anthropogenic warming [e.g., Harvey and Zhen, 1995; Prather et al., 2001] . Accordingly, it is important to quantify the impact of such a methane hydrate scenario on the climate system.
[5] Numerical climate models have been used extensively to study the Paleocene-Eocene climate [e.g., Sloan and Pollard, 1998; Peters and Sloan, 2000; Marotzke, 2001, 2002; Shellito et al., 2003] . For instance, Schmidt and Shindell [2003] (hereinafter referred to as SS03) used a twodimensional (2-D) atmospheric chemistry model to estimate the effect of several methane hydrate release scenarios on atmospheric methane and carbon dioxide concentrations, taking the preindustrial climate as a reference state. These scenarios are based on the PETM, with a release of 1500 Gt carbon over periods varying from 500 to 20,000 years. They used the concentrations of methane and carbon dioxide to drive an atmospheric general circulation model (GCM) coupled to a mixed layer ocean model to study the impact of massive hydrate instability on Earth's climate. As expected, these model simulations of SS03 showed that a PETM-like case would cause dramatic climate change. Global temperatures increased by 6.7°C using a scenario with a release of 1.5 Gt carbon/year. Using a different experimental setup (i.e., an atmospheric GCM forced by SSTs based on PETM paleodata), Huber and Sloan [1999] simulated a considerably smaller global warming for the PETM (i.e., 2°C above the background early Eocene average paleotemperature). However, this difference in warming may be entirely due to the different experimental setup used by SS03 compared to the one used by Huber and Sloan [1999] .
[6] An important drawback of the studies by SS03 and Huber and Sloan [1999] is that their models lack a representation of the three-dimensional ocean circulation. As a result, they were not able to simulate potential feedbacks of the oceanic circulation or to analyze long-term effects on the coupled atmosphere-ocean system. For instance, the impact on ocean temperature at different depths was not simulated. This is of special interest since the possibility exists that rapid warming caused by an initial methane release could trigger further hydrate instability through warming at intermediate water depths. Moreover, previous modeling studies could not investigate the response of the ocean thermohaline circulation (THC) to a massive methane release. Potentially, strong surface warming could lead to a decrease in deep sea ventilation at high latitudes due to a reduced surface water density, significantly weakening the THC and reducing the northward heat transport in the North Atlantic Ocean, thus providing a negative feedback here.
[7] To study these important phenomena, we have conducted two 2500-year-long transient experiments with a three-dimensional coupled atmosphere-sea ice-ocean model of intermediate complexity. Using the same 1.5 Gt/year scenario of SS03, we perturbed two different climate states: (1) a preindustrial climate state and (2) a much warmer climate state with a four times higher atmospheric CO 2 concentration than in the preindustrial climate state. These experiments enable us to address the following research questions that have not been considered before in modeling studies. What would be the response of the temperature distribution and circulation to a PETM-like emission scenario in a modern and ''warm greenhouse'' climate state? Do the intermediate waters warm up significantly, so that additional instabilities of methane hydrates might be triggered as suggested by Bains et al. [1999] ? Is the strength of the THC reduced, resulting in a negative feedback in the North Atlantic Ocean? It is important to note that we do not intend to study the mechanism that causes the massive methane release or the impact of this release on the atmospheric methane and CO 2 concentrations, as our model setup is not suitable for this objective (i.e., no carbon cycle model included). Our simulations should be considered as sensitivity experiments to evaluate the ocean-atmosphere response in a ''worst case'' scenario of methane hydrate instability under preindustrial conditions and under enforced ''warm greenhouse'' conditions.
Model and Experimental Design
[8] We performed our experiments with the coupled atmosphere-sea ice-ocean model ECBilt-CLIO, version 3. The atmospheric component is ECBilt [Opsteegh et al., 1998 ], a spectral quasi-geostrophic model with three vertical levels and a T21 horizontal resolution. It includes simple parameterizations for the diabatic heating due to radiative fluxes, the release of latent heat, and the exchange of sensible heat with the surface. ECBilt contains a full hydrological cycle that is closed over land by a simple model for soil moisture. Cloud cover is prescribed according to present-day climatology. The sea ice-ocean component, CLIO, consists of a free surface, primitive equation oceanic GCM with 20 vertical levels and 3°Â 3°latitude-longitude resolution, coupled to a comprehensive dynamicthermodynamic sea-ice model [Goosse and Fichefet, 1999] . The only flux correction required in ECBilt-CLIO is an artificial reduction of precipitation over the Atlantic and Arctic Oceans, and a homogeneous distribution of this removed amount of freshwater over the Pacific Ocean .
[9] The version of ECBilt-CLIO used here is an updated and improved version of the model used earlier for a variety of applications, i.e., to simulate the modern climate [Goosse et al., , 2003 , to study meltwater-induced abrupt climate events during the early Holocene , natural variability of the modern climate and future climate evolution . Compared to the earlier version, the present model simulates a climate that is closer to modern observations. The most important differences between the two model versions are a new land surface scheme that takes into account the heat capacity of the soil and the use of isopycnal diffusion as well as Gent and McWilliams pa-rameterization to represent the influence of mesoscale eddies in the ocean [Gent and McWilliams, 1990] . The climate sensitivity of ECBilt-CLIO is about 0.5°C/(W/m 2 ), which is at the lower end of the range (typically 0.5 to 1°C/ (W/m 2 )) found in most coupled climate models [Cubasch et al., 2001] .
[10] The initial conditions for our first experiment (hereinafter referred to as PREIND) were taken from a 1500-year-long simulation with constant forcings corresponding to the preindustrial climate (i.e., AD 1750, see Table 1 ). In addition, we performed a second experiment to study the impact of a methane pulse in a warm greenhouse climate. To obtain the initial conditions for this second experiment, we prescribed the same preindustrial forcings as in PREIND, except for the atmospheric CO 2 concentration, which was multiplied by four (hereinafter referred to as 4*CO 2 , Table 1 ). This simulation reached a quasi-equilibrium after 1800 years. As a result of the higher atmospheric CO 2 concentration, the annual mean, globally averaged surface temperature is 3.1°C higher in 4*CO 2 compared to PREIND (i.e., 18.7°C versus 15.6°C, respectively) and the sea-ice area is much reduced. The annual mean area covered by sea ice in the Northern Hemisphere amounts to 12.4 Â 10 6 km 2 and 9.2 Â 10 6 km 2 in PREIND and 4*CO 2 , respectively, whereas in the Southern Hemisphere the corresponding values are 14.0 Â 10 6 km 2 and 3.3 Â 10 6 km 2 . In 4*CO 2 , the ocean thermohaline circulation (THC) was slightly weaker, with 13.4 Sv (1 Sv = 10 6 m 3 s À1 ) of North Atlantic Deep Water (NADW) exported at 20°S, compared to 14.6 Sv in PREIND.
[11] To study the effect of a massive methane release, we perturbed PREIND and 4*CO 2 by prescribing one of the PETM emission scenarios as discussed by SS03. In this particular scenario, the atmospheric methane concentration increases from a preindustrial concentration of 735 to 15600 ppbv within 100 years and remains at this level until year 1000 ( Figure 1a ). Subsequently, methane concentrations drop abruptly and remain at the preindustrial level for the rest of the experiment (i.e., until year 2500). According to the calculations of SS03, all the methane is oxidized into carbon dioxide, leading to an almost linear increase to a level about 1.5 times the initial concentration at the end of the methane release (i.e., from 277 to 435 ppmv in PREIND, and 1110 to 1267 ppmv in 4*CO 2 , Figure 1b ). After the methane concentration drops, the carbon dioxide concentration decreases, although it remains at a relatively high level (378 ppmv in PREIND; 1210 ppmv in 4*CO 2 ) during the remainder of the experiment due to the long atmospheric lifetime of carbon dioxide.
[12] According to SS03, this emission scenario represents a carbon release of about 1500 Gt. In the preindustrial case, this is in our model equivalent to a radiative forcing of 5.8 Wm À2 at the top of the troposphere. It is important to note that, in the 4*CO 2 case, the radiative forcing resulting from the scenario is less (i.e., 4.0 Wm À2 ) due to a saturation effect that occurs at high CO 2 levels. The value of 4.0 Wm À2 is comparable to the radiative forcing due to a doubling of the modern atmospheric carbon dioxide content. In our experiments, we do not account for the increase in stratospheric water vapor discussed by SS03 since our model does not include a dynamic stratosphere. In the atmospheric GCM simulations of SS03, this feedback is also neglected. The rise in stratospheric water vapor concentration would be responsible for an additional radiative forcing of 1 Wm À2 .
Results

Surface Temperature
[13] The prescribed scenario produces a rapid warming in PREIND, with a 1.6°C increase in the global annual mean surface temperature from 15.6°C to 17.2°C in 250 years ( Figure 2 ). Subsequently, the temperature rises by an additional 1°C in 750 years (from 17.2°C to 18.2°C), producing a total global surface warming of 2.6°C at the end of the period characterized by high methane levels (i.e., at year 1000). After 1000 years, cooling sets in due to the Schmidt and Shindell [2003] . Note that in Figure 1b the left axis is valid for PREIND, while the right axis is for 4*CO 2 . The concentrations from year À250 to 0 represent the values for the reference climates, i.e., preindustrial: 735 ppbv for methane and 277 ppmv for carbon dioxide, and 4 times CO 2 : 735 ppbv for methane and 1110 ppmv for carbon dioxide. fall in methane concentration, until a new equilibrium temperature of 16.3°C is reached at year 2000 that is governed by the 378 ppmv atmospheric carbon dioxide concentration. In 4*CO 2 , the scenario results in a global surface temperature evolution that is similar in shape as in PREIND, but with a total warming limited to 1.5°C at year 1000 (i.e., 1.1°C less, Figure 2 ). This difference can be partly explained by the smaller radiative forcing in 4*CO 2 compared to PREIND.
[14] In both experiments, the temperature response is not equally distributed over all latitudes (Figures 3a -3b) . At high latitudes, pronounced melting of snow and sea ice amplifies the warming involving two positive feedbacks. First, the well-known ice-albedo feedback, with reduced radiative heat loss when snow and sea ice melts, and second, the sea ice-insulation feedback, with an increasing heat flux from the ocean to the atmosphere when the insulating sea ice cover becomes thinner or even disappears. Locally, the annual mean surface temperature at peak warming is up to 10°C higher than in the reference climates, such as in the Weddell Sea where sea ice is no longer present. In contrast, the warming in the tropics is limited to 0.5°to 1°C.
Sea Ice
[15] The reduction in sea ice is stronger in the Southern Ocean than in the Arctic (Figures 4a -4b ). In PREIND, the sea ice area averaged over the Northern Hemisphere is reduced by 22% (from 12.4 to 9.7 Â 10 6 km 2 ), whereas in the Southern Hemisphere reduction is 64% (from 14.0 to 5.0 Â 10 6 km 2 ). In 4*CO 2 , the scenario causes a decrease in Arctic sea ice cover (25%, from 9.2 to 6.8 Â 10 6 km 2 ) that is comparable to the decline in PREIND. Around Antarctica, hardly any sea ice in 4*CO 2 survives the warming due to the methane pulse, as only 0.7 Â 10 6 km 2 in annual mean remains at year 400 compared to 3.3 Â 10 6 km 2 at the start of the experiment, making the Southern Ocean almost icefree. As a consequence, the positive feedbacks involving sea ice discussed earlier are considerably less powerful in 4*CO 2 than in PREIND, thus contributing to the difference in warming noted in Figures 2 and 3 . In PREIND, the strong reduction in Southern Ocean sea ice cover also implies that some parts of the Antarctic coastal seas become practically ice-free throughout the year (i.e., on the western side of the Antarctic Peninsula between 90 and 110°W and between 30 and 60°E (not shown)). It should be noted that the decrease in sea ice cover in the Southern Ocean is slow compared to the Arctic. The strong and relatively slow response of the Southern Ocean sea ice can be explained by a two-phase mechanism described earlier by Goosse and Renssen [2001] . First, the warming is delayed because of the large heat capacity of the ocean and second, the warming is amplified through an enhanced meridional heat transport toward the Southern Ocean.
Ocean Circulation
[16] The global warming in the PREIND simulation causes a slight weakening of the THC, with 13.6 Sv of NADW transported at 20°S during peak warming compared to 14.6 Sv in the preindustrial control climate (Figure 5a) . Moreover, the NADW cell becomes somewhat shallower at the expense of the AABW (Antarctic Bottom Water) cell (compare Figure 6c with Figure 6a ). These changes in the North Atlantic occur within the first 250 years of experiment PREIND (i.e., the period of strongest warming; Figures 5a and 6b) . At the end of experiment PREIND, the THC state is very similar to the preindustrial state, although the NADW cell is still slightly weaker (Figure 6d ). In experiment 4*CO 2 , the THC weakening is hardly visible, with only a marginal reduction of NADW export between year 250 and 800 (Figure 5b) .
[17] In the Southern Ocean, the export of circumpolar deep water strongly decreases in both experiments during the initial warming phase (first 250 years), namely from 17 to 12 Sv in PREIND (Figure 7a ) and from 20 to 15 Sv in 4*CO 2 (Figure 7b ). This reduction is most probably caused by the warming of the surface waters (by up to 5°C), stabilizing the water column and decreasing the deep mixing. The reduced circumpolar deep water export is consistent with the weakening of the overturning cell centered at 70°S (compare Figure 8b with Figure 8a ). Subsequently, after year 250, the overturning cell strengthens again (Figure 8c) , and the export of circumpolar deep water increases to 25 Sv in year 1150 (Figures 7a -7b) . In PREIND, the strength of the Antarctic circumpolar current (ACC) follows the same pattern, as the mass transport through Drake Passage first declines in the initial 250 years from 127 to 122 Sv, and subsequently increases to 150 Sv in year 1100 (Figure 9 ). This evolution is linked to the development of the sea ice cover in PREIND, which is characterized by a slow reduction until year 1000 ( Figure 4b ). As parts of the Southern Ocean become icefree, deep open ocean convection is increasing at several locations between year 500 and 1500. When cooling sets in after year 1000, the sea ice cover increases again and the ACC weakens, reaching values found in the preindustrial climate around year 2000. In the warmer climate in experiment 4*CO 2 , the ACC is already strong from the start and shows a relatively small increase (Figure 9b) , while deep open ocean convection is occurring in the Southern Ocean throughout the experiment.
[18] The export of AABW to the Atlantic Ocean, on the other hand, shows a deviant behavior. In PREIND, it increases in the first 250 years and becomes stronger than in the preindustrial reference climate (5.8 Sv), varying between 6.2 and 7.8 Sv (Figure 10a ). This is related to the weakening and shallowing of the NADW overturning cell (Figures 6a -6d) , giving AABW the opportunity to flow into the Atlantic basin. A similar, but weaker, response can be observed in experiment 4*CO 2 (Figure 10b ).
Ocean Temperature
[19] The evolution of the global mean ocean temperature is more gradual than the surface temperature due to the thermal inertia of the oceans (Figure 11 ). In both PREIND and 4*CO 2 , the total oceanic warming at year 1000 amounts to 1.1°C. This is surprising, as the radiative forcing represented by the scenario is less in 4*CO 2 than in PREIND (i.e., a 1.8 Wm À2 difference). We discussed earlier that the surface warming in 4*CO 2 is modest (Figure 2) , implying that the deep ocean experiences relatively stronger warming compared to the upper ocean. This is confirmed by the latitude-depth profiles (Figures 12a -12d) , which show in PREIND stronger warming in the upper ocean than in 4*CO 2 , while the latter experiment shows more warming in the deeper ocean layers (mostly 0.5 to 1°C compared to generally less than 0.5°C in PREIND). The difference in the deep ocean response between the two experiments can be explained by the production of relatively warm AABW in the Southern Ocean in experiment 4*CO 2 . Indeed, a strong warm anomaly is noticed at depth south of 60°S in Figure 12b .
[20] In both experiments, the strongest warming occurs in the mixed layer in the Southern Ocean, with a 4°C increase at $60 to 70°S. At high northern latitudes, the warming is less, with temperatures being between 2 to 3°C higher in the upper 100 m than in the preindustrial climate in PREIND. At low latitudes, the temperature increase in the mixed layer is restricted to 0.5 to 1.5°C, but the changes are larger at intermediate depths (100-1000 m). At those depths, the waters are relatively warm at all latitudes, with temperatures being mostly 1 to 3°C or higher than in the reference climates. In PREIND, this warming at intermediate depths is most pronounced in the Atlantic basin (Figure 12c) , and can locally be up to 4 to 5°C (not shown). The maximum temperature increase at intermediate depth appears to have its origin at surface in the region of intermediate water formation at 50 to 60°latitude in both hemispheres. The intermediate waters in the Atlantic also become more saline (between 0.1 and 0.4 psu, not shown), suggesting that downwelling of relatively warm and saline surface waters takes place there.
Discussion
[21] In our experiments, we have perturbed two different climates (a preindustrial state and a warm ''greenhouse'' state) by prescribing a drastic scenario of massive methane release. We have deliberately taken a ''worst case'' emission scenario based on the PETM as this enables studying the upper bounds of the climate response to widespread methane hydrate instability. Indeed, as expected from paleodata, we found that this scenario leads to significant climate change in the model, including strong global warming (up to 2.6°C) and important changes in the ocean overturning circulation. If this scenario would become reality in the future (i.e., instability of methane hydrates at the PETM scale due to anthropogenic warming), these changes could take place in addition to climate changes caused by anthropogenic forcing. When considering this possibility, however, it is good to realize that many uncertainties are involved in model experiments like the ones described here.
[22] First, several feedbacks have not been accounted for in the chemical model study by SS03, implying that the used scenario is most probably incomplete. These feedbacks include the effects of changes in temperature and humidity on atmospheric reaction rates, the impact of productivity changes on the uptake of carbon, and the interactions between the troposphere and stratosphere [Schmidt and Shindell, 2003] . Moreover, the applied scenario assumes that the methane was released quite rapidly (i.e., 1500 Gt within 1000 years, following [e.g., Norris and Röhl, 1999; Röhl et al., 2000] ), but this may not be realistic, as there is still considerable debate on the characteristics of the methane release during the PETM [e.g., Bains et al., 2000] .
[23] Second, we have neglected several potentially important processes due to simplifications in ECBilt-CLIO. For instance, the cloud cover was not allowed to change as measured values are prescribed, and the effect of changes in stratospheric water vapor content was not included as a dynamical stratosphere is lacking in our model. According to previous modeling studies [Sloan and Pollard, 1998; Peters and Sloan, 2000] , high methane levels could induce an increase in polar stratospheric clouds, which would enhance the warming. On the other hand, low level cloud cover tends to increase when the sea ice cover decreases, thus causing an increase in the cloud albedo that could partially compensate for the effect of a reduced ice cover on the radiation balance [e.g., Ebert and Curry, 1993] . We have not been able to take these effects into account, as simplifications are inevitable given the long timescale involved in this study. In addition, as no carbon cycle module is included in our model, we had to prescribe the atmospheric trace gas concentrations, so that the simulated warming had no effect on the content of methane and carbon dioxide in the atmosphere, for instance due to further methane hydrate instability.
[24] Some idea of the physical consistency of our experiments can be obtained by comparing the simulation results with paleoevidence from the PETM. The latest Paleocene climate prior to the PETM was considerably warmer than the preindustrial climate (i.e., a few degrees centigrade), with a smaller surface covered by snow and ice [e.g., Huber and Sloan, 1999] . Consequently, the conditions in our 4*CO 2 experiment are more appropriate for modeling the PETM than those of PREIND. However, the continental configuration during the early Paleogene was different, including an open Panama Strait and a much narrower Drake Passage [e.g., Zachos et al., 1993] . Nevertheless, a model study by Huber and Sloan [2001] suggests that, despite these different conditions, the global ocean circulation in the early Eocene was not dissimilar to the modern state, with NADW formed in the North Atlantic, and nearmodern ocean heat transport and temperature gradients.
[25] Forced by a PETM-like emission scenario, our model simulates oceanic surface warming varying from 8 to 5°C at high latitudes, to 2 to 4°C in the subtropics, to less than 1 to 2°C in tropical oceans. These model results are similar to the PETM surface warming indicated by the sparse marine data available. In the Weddell Sea at high southern latitudes (ODP 690 at 69°S), reconstructions suggest a SST increase of 4 to 8°C over the PETM [Kennett and Stott, 1991; Thomas et al., 2002] . In addition, in the subtropical Atlantic (Walvis Ridge, DSDP 527 at 35°S), the estimated SST increase is 1 to 4°C [Thomas et al., 1999] . Two low latitude records (ODP 1001, tropical Atlantic at 10°N, ODP 865, tropical Pacific) suggest that the SST rise in the tropics was minor (about 1°C [Bralower et al., 1995 [Bralower et al., , 1997 ), although a recent SST estimate for the tropical Pacific based on Mg/Ca ratios indicates a considerably stronger warming (4 to 5°C [Zachos et al., 2003] ). Generally, model and data are consistent for the surface ocean and both indicate a highlatitude temperature amplification due to the massive methane release. A temperature reconstruction by Fricke et al.
[1998] for a terrestrial site in Wyoming ($43°N) fits in this pattern, as here the increase during the PETM is estimated at 2 to 4°C, which is similar in our results. Moreover, our estimate of a global surface temperature increase of 1.5°C (in 4*CO 2 ) due to the massive methane release is close to the 2°C found in the model study on the PETM by Huber and Sloan [1999] . Calculations by SS03, however, show a much stronger global warming of 6.7°C for the same PETM scenario (1.5 Gt carbon per year) we have prescribed in our experiments. Using a less extreme scenario (0.3 Gt/year), they simulated a global temperature increase of 2.9°C. Most probably, the difference between our result and the model study of SS03 can be explained by variations in the sensitivity to radiative forcing, as this sensitivity is known to differ considerably (i.e., by a factor 2) between models [Cubasch et al., 2001] .
[26] Our simulation indicates less warm conditions for the deep ocean than suggested by proxy data for the PETM. Temperature reconstructions for 1500 -2000 m water depths suggest an increase of about 5°C for the Weddell Sea, the tropical Pacific, and the subtropical Atlantic (Blake Nose, ODP 1051, 35°N) [Bralower et al., 1995; Katz et al., 1999; Thomas et al., 2002] , while in our experiment the temperature increase at this depth is up to 1 to 2.5°C. The relatively high temperatures shown by paleodata at 1500 -2000 m water depths could indicate that during the PETM the THC was significantly weakened or even shut-down, as several model studies have shown that this would lead to warmer deep waters (by a few degrees centigrade [e.g., Manabe and Stouffer, 1988] ). In our simulation, no collapse of the THC occurs, it only becomes somewhat weaker and shallower, similar to what is found in most coupled model simulations with anthropogenic forcing for the 21st century [Cubasch et al., 2001] . In the latter experiments, a similar radiative forcing ($6 W/m 2 ) is prescribed as in our experiment. It should be realized, however, that model experiments by Huber and Sloan [2001] suggest that the THC was much weaker in the latest Paleocene than in the modern state. Ocean model studies indicate that a weak THC is generally closer to the threshold instability point, implying that it is conceivable that the climate of the latest Paleocene/early Eocene was more sensitive to perturbations leading to a further reduction in THC. Thus the difference between our results for the deep ocean and the PETM paleoevidence might be explained by the difference between the reference states (i.e., preindustrial or 4*CO 2 and latest Paleocene). It should also be noted that most estimates of paleotemperatures are based on oxygen isotopes, which could also have been influenced by salinity, thus implying that the temperature reconstructions have a considerable uncertainty range.
[27] Our results have shed some light on the effect of a PETM emission scenario on the ocean circulation and temperature distribution. Unfortunately, the design of our experiments (i.e., using a model without a carbon cycle module) does not permit addressing the issue of the mechanism behind the PETM in detail. For instance, we are unable to see if the catastrophic methane release was solely responsible for the total warming observed during the PETM, or if perhaps the methane pulse was merely trig- gered by warming forced by another process. However, we can speculate that the 1 to 3°C warming of intermediate waters simulated in our experiments could lower the upper limit of the hydrate stability zone, thus potentially causing further thermal dissociation of methane hydrates. If this warming would occur today, the stability diagram presented by Dickens et al. [1995, Figure 1] suggests that the lowering of the upper limit of the hydrate stability zone would be modest (i.e., in the order of 50 m, from 250 to 300 m water depth), although it should be noted that the stability zone of methane hydrates increases exponentially over this depth interval [Nisbet, 1992] . This implies that additional releases could occur. The amount of methane involved would be in the order of a few percent of the present-day oceanic methane hydrate reservoir [Dickens et al., 1995] , which would result in a minor positive feedback. However, it should be noted that considerable amounts of methane hydrates are stored at a relatively shallow depth ($200 m) at high latitudes [e.g., Buffet, 2000] . In our model the strongest warming occurs at high latitudes, where locally the temperature increase at 200 m is 5 to 8°C. This suggests that possibly the additional methane releases could be more extensive, resulting in a stronger positive feedback. Future experiments with more sophisticated models are required to study these effects.
Conclusions
[28] We have conducted two 2500-year-long experiments with a 3-D, global coupled atmosphere-sea ice-ocean model of intermediate complexity in which 1500 Gt of methane carbon were added to the atmosphere. The two simulations differed in their initial climate states: (1) a climate in equilibrium with preindustrial forcing conditions, and (2) as (1) but with a 4 times elevated atmospheric CO 2 concentration. Our objective was to study the response of the temperature distribution and circulation to a massive methane release (for which we have taken a PETM-like emission scenario) in a modern and ''warm greenhouse'' climate state, thereby focusing on the impact on the oceanic temperature at different depths and on the ocean circulation. The applied scenario is equivalent to a radiative forcing at the top of the troposphere of 5.8 Wm À2 in the preindustrial case and 4.0 Wm À2 in the 4*CO 2 case. The experimental results suggest the following response of the coupled atmosphere-ocean system.
[29] 1. The simulated response in the surface temperature reveals large differences between latitudinal zones. At high latitudes, the warming is amplified due to two positive feedbacks (i.e., the ice-albedo feedback and the sea ice-insulation feedback), resulting in a surface temperature rise of up to 10°C, whereas at low latitudes the surface temperature increase was about 1°C. The global mean surface warming in the case of preindustrial forcings is 2.6°C in 1000 years, of which 1.6°C occurred in the first 250 years. In the 4*CO 2 case, the total warming was 1.5°C in 1000 years. This difference can be explained by a combination of the small radiative forcing in the 4*CO 2 case and the reduced efficiency of the two positive feedbacks involving sea ice in a warmer climate. The simulated results for the surface ocean are consistent with proxy evidence for the PETM event.
[30] 2. In the warm 4*CO 2 climate, the warming of the deep ocean due to a massive methane release is more efficient (+0.5 to +1°C) than in the preindustrical case (mostly less than +0.5°C) in consequence of the formation of relatively warm AABW. The simulated temperature of intermediate waters (100 to 1000 m) rises by 1 to 3°C, especially in the Atlantic basin in the preindustrial case. This could lead to a lowering of the upper limit of the hydrate stability zone, which could result in additional releases of methane (estimated at 1 -2% of the modern oceanic methane hydrate reservoir). This would result in an additional positive feedback.
[31] 3. No major reorganization of the THC is found in the model. The NADW overturning cell of the THC becomes slightly shallower and weaker (1 Sv export at 20°S in the preindustrial case), whereas the AABW overturning cell strengthens and expands. In the deep ocean, the model results show a smaller warming (1 to 2.5°C) than suggested by PETM paleodata ($5°C). This difference could be related to the strength of the THC. Previous experiments suggest that, compared to our reference states, the THC was much weaker during the latest Paleocene and possibly more sensitive to perturbations. Consequently, the relatively warm deep ocean indicated by PETM paleodata could result from a further reduction in THC during the PETM.
[32] 4. In the Southern Ocean deep open ocean convection becomes possible in both experiments and the sea ice cover is considerably reduced, which is accompanied by an intensification of the ACC. 
